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Introduction 


The goal o f this pro j tot, funded under the ¥kSk Summer Faculty Fellowship 
program, ms to evaluate oontrol methods utilising fussy logio for 
applicability to oontrol of flexible struoturts. This ms dont by applying 
this# Methods to oontrol of the Control Struoturts Interaction Suitoase 
Demonstrator developed at Marshall Spaoe Flight Center . The CSI Sui toast 
Demonstrator is a flexible beam, mounted at one end with springs and bearing, 
and with a single actuator oapable of rotating the beam about a pin at the 
fixed end. The oontrol objeotive is to return the tip of the free end to a 
zero error position (from a nonzero initial condition) . It is neither 
completely oontrollable nor oompletely observable.il] Fussy logio oontrol ms 
demonstrated to successfully oontrol the system and to exhibit desirable 
robustness properties oompared to conventional oontrol. 

Fuzzy Logio 

"Fuzzy" logio, vhioh ms initially developed by Lofti k. Zadeh of 
Berkeley, is a combination of multi-valued logio, probability theory, and 
artificial intelligence. It incorporates the impreoision inherent in many 
real-world systems, including human reasoning, by allowing linguistio variable 
classifications suoh as "big," "slow," "near zero," or "too fast." Dhlike 
binary logio, fuzzy systems do not restriot a variable to be a member of a 
single set, but reoognize that a given value may fit, to varying degrees, into 
several. For example, a speed of 55 mph may be moderately slow, fast, or too 
fast depending on other faotors suoh as speed limit or road oondition. 

Fuzzy systems operate by testing variables with IF-THEI rules, whioh 
produce appropriate responses. Eaoh rule is then weighted by a "Degree of 
Fulfillment" of the rule invoked; this is a number between 0 and 1, and may be 
f.hnnght. of as a probability that a given number is considered to be included 
in a particular set. k wide variety of shapes is possible for fulfillment 
functions , triangles and trapezoids being the most popular. (2] Fulfillment 
function* for this study wr# of tht form 

fuzzy(x,m,s,p)«exp(-(|x-m|/s)P) (1) 

where m,s,and p are user-ohosen parameters and x is the value to be tested. 
This function was ohosen because of its flexibility; by ohanging “m," "s," 
and "p" whole families of different functions oan be obtained, k sample of 
the functions obtained by varying the “p“ parameter is shown in Figure 1 . The 
system operates by testing rules of the type 

"If error is big and velocity is small, 
then u should be negative and big. ” 

The degree of fulfillment for such a rule is the minimum of the degrees of 
fulfillment of the antecedent clauses; l.e., 

DOF - min [DOF #rror big, ^velocity small]- 

The total output of the oontrol system is a weighted sum of the responses to 
all "n" rules 

* - (i.lZ n *i (W*i) VWi.iX 11 (DOFi)) (3) 

where DOF^ is the degree of fulfilment of rule "i," Bi d is the "defuzzified" 
output response to rule "i," and w^ is a weight indicating the relative 
importance of rule "i."[3] 
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The Basic Fuzzy Control SYftttt 


A simulation of the CSI Suitcase Demonstrator was implemented on a 386 PC 
equipped with tlATLAB. The teo measurable quantities at the system output are 
line of sight error and angular rate of change. Fuzzy categories assigned to 
each mere posi tire-big, positive-medium , positire-small , zero, nega tire-big, 
negative-medium , and negatire-small . In addition, LOS error has a "near-zero" 
category (see Figure 2 for oategory examples) . k standard fuzzy control 
system eas generated using 14 rules. The rules for the initial system were of 
two types 

Set A: If LOS error is positire-big, then u is negatire-big. 

(7 rules, one for each category of LOS error) 

Set B: If LOS error is near-zero and velocity is positive-big, 

then u is negative-big. 

(7 rules, one for each category of angular velocity) 

The rules in set k approximate a proportional oontrol scheme; set B 
approximates derivative oontrol, but is only effeotive when LOS error is 
small. This strategy is to drive the system to the desired output as quickly 
as possible, and only apply damping when the system response is close to the 
desired value. This was demonstrated to be successful in {3J. k wide variety 
of fuzzy system responses can be generated by changing "s," "p," and the 
weights of the rules. The optimal choice of system parameters , weights, etc, 
would depend on the desired performance ohareoteristios for the system to be 
controlled; criteria used in this study for “good" control were smooth system 
performance, quick convergence of LOS error to 0, and small overshoot. The 
unforced response of the system is shown in Figure 3, and a typical fuzzy 
system response is given as Figure 4. Removing the "near zero" oondition on 
the second set of rules resulted in slightly slower system response with less 
overshoot, as expeoted. Various “p“ values were tried, with p-2 appearing to 
be optimal (lower values allowed more overshoot, and higher values resulted in 
failure to damp out some of the system frequency components). Changing “s" 
factors demonstrated that acceptable system performance is still obtained when 
spread is increased by as much as l 00k (though overshoot increases as the 
factor is increased), while a relatively small (25k) decrease again leads to 
undamped frequency components (as higher "p" values have smaller spread, this 
is consistent with the results for changing "p"). Thus great overlap between 
sets is acceptable, while too little overlap gives less optimal results, k 
slightly smoother response, with no ap pr eciable change in settling time, was 
obtained by averaging the oontrol over 2, 3, or 4 time steps. The system was 
found to behave adequately when randomly chosen plant matrix parameters were 
altered by -t- or - 50k, and when Gaussian noise was added to system states. 

Anticipatory Fuzzy Control 

A new oontrol strategy, called anticipatory fuzzy oontrol, ms developed 
under this prog ram. This diff ers from t raditio nal fuzzy oontrol in that once 
fuzzy rules have b een used to generate a control (as in equation (3)), a 
predictiv e routine built into the controller is called to ant icipa te the 
effect^ of the proposed control on the system output. If using the current 
oontrol value w ill resul t in system behavior which is in some way 
unacceptable, additional rules are oalled. This method may be used to nest as 
many sets of rules as the designer desires. Advantages of this approach 
oompared to standard fuzzy controllers are 

1 . Besting rules allows use of only as many rules as are necessary to 
achieve desired system performance, resulting in savings in oomputer run time. 

2. By predicting system performance, controls which would result in 
unstable or unacceptable system performance can be eliminated. 
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Standard prediotive fuzzy oontrol , whioh mi only prediotive rules , requires 
more oalls to the prediotive routine then this soheme, end fails to take 
advantage of til system knowledge. [4] The simplest type of anticipatory 
system oontrol has a single additional rule of the loro 

"If the current value of the oontrol (Ug) will cause the difference 

between the current end anticipated values of velocity to he 'big,' 
then 

u - Uq( 1 - ft • bigt),’ (4) 

where ft is a user-chosen parameter between 0 and 1, and "bigt" is the 
fulfillment function for the anticipated difference in velooity values (whieh 
is proportional to the predioted acceleration of the system . ) A typioal 
response with ft».7 is shown in Figure 5. Higher values of ft result in 
smoother responses with slightly more overshoot; lower values resemble the 
nonanticipatory response (Figure 4). In every osse, the antioipatory fuzzy 
system results in smoother system response than the traditional fuzzy oontrol. 
Conclusions on the effects ol changing "p" and "s" hold for the antioipatory 
system as well. Averaging oontrol over two or more steps had a more marked 
effect on the anticipatory system, with the best response (shown in Figure 6) 
resulting when control was averaged over two time steps. When plant 
parameters were perturbed, as discussed earlier, the system exhibited a larger 
overshoot, but still settled to 0 within 3 seconds. In contrast, a standard 
linear quadratic regulator had considerably less overshoot, but failed to 
drive the system to 0 within 5 seoonds. The anticipatory fuzzy system 
tolerated added state noise much better than the LQR, in which the noise 
caused a wide excursion from the desired LOS error value of 0. 

Similar system responses can be achieved using a more complex, but more 
intuitively satisfying, anticipatory system with several additional rules of 
the form 

“If Uq is positive big and a positive big u will make the change between 
current and anticipated values for velocity “big,” then u is positive 

Effects of these rules are added in to the sou in equation (3) . However , 
this method offers no improvement in performance over the simpler antioipatory 
system, while requiring more calls to the predictive routine, and therefore 
more computer run time. 

Conclusions 

Fuzzy oontrol methods have been demonstrated to adequately oontrol the 
CSI Suitcase Demonstrator, k new type of antioipatory fuzzy controller has 
been developed, and has been demonstrated to exhibit desirable output 
properties. The fuzzy controllers have been shown to be robust in the fact of 
added noise and perturbations in plant parameters. It is ay conclusion that 
fuzzy oontollers show great promise for use in oontol of flexible structures 
and should be further evaluated. 
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